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PURPOSE.
To study the population of intrinsically photosensitive retinal ganglion cells (melanopsin-expressing RGCs, m þ RGCs) in P23H-1 rats, a rat model of inherited photoreceptor degeneration.
METHODS. At postnatal (P) times P30, P365, and P540, retinas from P23H dystrophic rats (line 1, rapid degeneration; and line 3, slow degeneration) and Sprague Dawley (SD) rats (control) were dissected as whole-mounts and immunodetected for melanopsin and/or Brn3a. The dendritic arborization of m 
RESULTS. In SD rats, aging did not affect the population of Brn3a
þ RGCs or m þ RGCs or the percentage that showed coexpression (0.27%). Young P23H-1 rats had a significantly lower number of Brn3a þ RGCs and showed a further decline with age. The population of m þ RGCs in young P23H-1 rats was similar to that found in SD rats and decreased by 22.6% and 28.2% at P365 and P540, respectively, similarly to the decrease of the Brn3a þ RGCs. At these ages the m þ RGCs showed a decrease of their dendritic arborization parameters, which was similar in both the P23H-1 and P23H-3 lines. The percentage of coexpression of Brn3a was, however, already significantly higher at P30 (3.31%) and increased significantly with age (10.65% at P540).
CONCLUSIONS. Inherited photoreceptor degeneration was followed by secondary loss of Brn3a þ RGCs and m þ RGCs. Surviving m þ RGCs showed decreased dendritic arborization parameters and increased coexpression of Brn3a and melanopsin, phenotypic and molecular changes that may represent an effort to resist degeneration and/or preferential survival of m þ RGCs capable of synthesizing Brn3a.
Keywords: P23H, retinitis pigmentosa, melanopsin, Brn3a, automated quantification, intrinsically photosensitive, photoreceptor degeneration, intrinsically photosensitive RGCs T raditionally, rod and cones have been thought to be the only cells that respond to light in the retina. However, there is a subtype of specialized retinal ganglion cells (RGCs) that expresses the photopigment melanopsin and thus, responds to light. These cells are named intrinsically photosensitive retinal ganglion cells (ipRGCs). [1] [2] [3] [4] Previous works 1, [5] [6] [7] [8] [9] [10] [11] [12] have shown the important role of these cells for non-image forming visual functions such as the regulation of circadian rhythms or the pupillary light reflex. Moreover, it has been recently suggested that ipRGCs may be involved in image formation, [13] [14] [15] [16] even independently of conventional photoreception. 17, 18 Recent work has suggested that m þ RGCs are more resistant than the rest of the RGC population to a number of retinal injuries, 19 including axotomy, 20, 21 NMDA-mediated excitotoxicity, 22 and mitochondrial optic neuropathies. 23 There is also evidence indicating that in human glaucoma [24] [25] [26] [27] and ocular hypertension models [28] [29] [30] ipRGCs are diminished, but whether m þ RGCs are also more resistant to ocular hypertensioninduced retinal degeneration is not clear. [31] [32] [33] There are many animal and human diseases that proceed with photoreceptor degeneration. Retinitis pigmentosa (RP) is the commonest form in humans, representing an important cause of irreversible blindness. Retinitis pigmentosa is caused by mutations affecting rod proteins (e.g., rhodopsin) and therefore, it first causes the death of rods, 34, 35 but later there is a progressive loss of both rods and cones. [35] [36] [37] [38] With time, most layers of the retina are affected and most patients show optic disc pallor, which has been documented to be the result of RGC loss. [39] [40] [41] [42] [43] [44] [45] [46] In rodents, we have documented RGC loss both in inherited and induced photoreceptor degenerations and we have shown that this loss is at least in part due to RGC axonal compression by the normal retinal vessels that undergo displacement during retinal degeneration. 12, [47] [48] [49] [50] [51] [52] [53] It is now recognized that the diseases that proceed with photoreceptor degeneration may cause, with time, affectation of the inner retina and RGC degeneration. [41] [42] [43] [44] [54] [55] [56] Several studies have shown disruption of the circadian rhythms both in animals [56] [57] [58] and in humans [59] [60] [61] with retinal degenerations. Because circadian rhythms are regulated through ipRGC circuitry and not traditional rod/cone visual pathways, these studies suggest that these cells could be affected in these diseases. The studies that have addressed this problem have given, however, conflicting results: while some studies have found loss of ipRGCs in animals with inherited photoreceptor degeneration, 12, 62, 63 others have failed to show this result. 64 Within the different animals models of retinal degeneration, we have recently characterized in detail the degenerative events that take place in the P23H-1 rat retina. 51, 65 The P23H transgenic rat carries an autosomal dominant mutation in the rhodopsin gene that is found in 12% of the autosomal dominant RP cases in North America 66, 67 and thus, it is widely used to study RP.
We have documented previously that Brn3a is a good marker for the rodent RGC population [68] [69] [70] [71] [72] [73] because it does not require any surgical manipulations and is a strong nuclear marker. In the rat, this antibody labels 96% of the RGC population. [68] [69] [70] 72 We have also documented the number, spatial distribution, and Brn3a expression of ipRGCs in the normal rat retina. [68] [69] [70] We have demonstrated that approximately 90% of these cells project to the superior colliculi 68, 70 but that only a very small proportion (0.20%) express Brn3a. [68] [69] [70] Brn3a thus labels most RGCs but not most ipRGCs. [68] [69] [70] We have considered this apparent flaw of the Brn3a labeling as an advantage and used double immunodetection with Brn3a and melanopsin to study in parallel the degeneration of these two RGC subpopulations: the general RGC population and the ipRGC subtype. 12, 32, 33, [68] [69] [70] 73 In this study, using double immunodetection of Brn3a and melanopsin and our recently developed methods to quantify and map topographically, [51] [52] [53] [68] [69] [70] [72] [73] [74] we document, for the first time, the short-and long-term effect of photoreceptor loss on the ipRGC population of the P23H-1 rat retina and the changes in Brn3a expression by these cells. Finally, we analyzed the changes in several dendritic parameters of ipRGCs in the P23H-1 and P23H-3 lines to assess whether extension of the outer retinal degeneration, slower in P23H-3, affects the dendritic status of the surviving ipRGCs differently.
MATERIALS AND METHODS
For this study, P23H transgenic rats and Sprague Dawley (SD) rats were used. The P23H rats were produced by LaVail and colleagues (Steinberg RH, et al. IOVS 1996;37:ARVO Abstract 3190) using gene constructs with a rhodopsin mutation (single amino acid substitution at codon 23). The three lines of homozygous P23H rats show different rates of photoreceptor degeneration: line 1 shows the fastest degeneration rate, followed by line 3 and line 2, in this order (provided in the public domain by UCSF School of Medicine, San Francisco, CA, USA; http://www.ucsfeye.net/mlavailRDratmodels.shtml 51, 62, 75 ). The different rates of retinal degeneration in the three P23H rat lines are presumably due to a position effect from different transgene insertion sites in the rat genome 76 (Steinberg RH, et al. IOVS 1996;37:ARVO Abstract 3190). In this context, at approximately postnatal (P) age P120, only one photoreceptor row remains in line 1, 51, 77 whereas one to two rows of photoreceptor cell bodies are found in line 3 of P23H rats at this age. 78 The wildtype control for these transgenic animals is the albino SD rats.
Animal Handling
A total of 51 animals were used: P23H-1 rats of three different postnatal ages: P30 (n ¼ 8), P180 (n ¼ 8), and P540 (n ¼ 7); P23H-3 rats of two different ages: P365 (n ¼ 7) and P540 (n ¼ 7); and age-matched SD rats: P30 (n ¼ 6), P365 (n ¼ 2), and P540 (n ¼ 6). Transgenic homozygous P23H-1 and P23H-3 animals were obtained from LaVail and colleagues (UCSF S c h o o l o f M e d i c i n e ; h t t p : / / w w w. u c s f e y e . n e t / mlavailRDratmodels.shtml) and were bred at the University of Murcia (P23H-1) or the University of Alicante (P23H-3); SD animals were obtained from the breeding colony of the University of Murcia, Spain. Rats were housed in temperature and light controlled rooms with a 12-hour light/dark cycle (light from 8 AM to 8 PM) and with food and water ad libitum. Light intensity within the cages ranged from 5 to 30 lux (scotopic to mesopic conditions). Animal manipulations were carried out by following the Spanish and European Union regulations for the use of animals in research (Council Directive 86/609/EEC) and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Adequate measures were taken to minimize pain or discomfort.
Tissue Processing
All animals were processed between 10:00 AM and 12:00 AM to avoid the diurnal fluctuations in melanopsin expression. 79, 80 Rats were given a lethal dose of sodium pentobarbital (Dolethal Vetoquinol, S.A., Lure, France) and perfused transcardially through the ascending aorta first with saline and then with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The eyes were then enucleated and the retinas were dissected as whole-mounts by making four radial cuts in the superior, inferior, nasal, and temporal retinal quadrants. Retinal orientation was maintained by making the deepest radial cut in the superior retina. 73, 81 The retinas were postfixed flat on a filter paper in 4% paraformaldehyde for 1 hour, washed in phosphate-buffered saline (PBS), and subjected to immunohistofluorescence.
Immunohistofluorescence
Retinas were washed and permeated as previously described. [51] [52] [53] 65, [68] [69] [70] 73, 81 Whole-mounted retinas were incubated overnight at 48C with a mixture of both primary antibodies diluted in blocking buffer (PBS containing 2% Triton X-100 and 5% normal donkey serum (Jackson ImmunoResearch, Inc., Cambridge, UK).
Secondary detection was performed by incubating the retinas for 1 hour at room temperature with a mixture of both secondary antibodies diluted in PBS-2% Triton X-100. Finally, the retinas were washed in PBS and mounted on subbed slides vitreal side up, and covered with antifading mounting media (Vectashield Mounting Medium; Vector, Atom, Alicante, Spain).
Antibodies and Dilutions
Primary Antibodies. The total RGC population was detected by using goat anti-Brn3a (1:500, C-20; Santa Cruz Biotechnologies, Heidelberg, Germany). 69, 70, 72 The ipRGCs were detected by using the rabbit anti-melanopsin PAI-780 (1:500; Thermo Scientific, Madrid, Spain) 68, 70 that detects the NH 2 terminal of the melanopsin protein and thus both melanopsin isoforms (short and long 68, 69, 82 ). Melanopsin immunodetection identifies the M1, M2, and M3 ipRGC subtypes, because the M4 and M5 subtypes are not stained with anti-melanopsin antibodies. 13 We will refer to the population of ipRGCs detected with this antibody as m þ RGCs.
Secondary Antibodies. Melanopsin was identified by using donkey anti-rabbit Alexa-488 (green fluorescence), while Brn3a was identified in the same retinas by using donkey antiipRGCs Changes in P23H-1 Rats IOVS j July 2015 j Vol. 56 j No. 8 j 4593
goat Alexa-594 (red fluorescence; Molecular Probes, Invitrogen, Barcelona, Spain), all diluted 1:500.
Immunoperoxidase Labeling and Morphologic Analysis
The dendritic morphology and stratification patterns of 10 m þ RGCs of each type (M1, M1d, M2, and M3) per strain and age (n ¼ 40 cells/strain and age) were manually drawn and digitized from whole-mounted rat retinas stained with the same rabbit anti-melanopsin antibody and with an ABC complex immunoperoxidase method. 62 Morphologic differences in the dendritic parameters between strains and ages were analyzed by using a Bonfire analysis following previously described methods. 83 
Retinal Image Analysis
Retinal whole mounts were examined and photographed by fol low in g st anda rd pr oced ures i n our la bo ratory, [51] [52] [53] 68, 69, 72, 81, 84 using an epifluorescence microscope (Axioscop 2 Plus; Zeiss Mikroskopie, Jena, Germany) equipped with various filters, a digital high-resolution camera (ProgResTM C10; Jenoptik, Jena, Germany), and a computer-driven motorized stage (Pro-ScanTM H128 Series; Prior Scientific Instruments, Cambridge, UK) controlled by IPP (IPP 5.1 for Windows; Media Cybernetics, Silver Spring, MD, USA) with a microscope controller module (Scope-Pro 5.0 for Windows; Media Cybernetics). To make reconstructions of retinal wholemounts, retinal multiframe acquisitions were taken in a raster scan pattern as previously described in detail. [51] [52] [53] 68, 69, 72, 81, 84 Quantification of Brn3a þ
RGCs
To count Brn3a þ RGCs, the individual images taken in each retina were processed by a specific cell counting subroutine developed by our group. Briefly, we used the IPP macro language to apply different filters and transformations to each frame in order to clarify cell limits and separate individual cells for automatic cell counting, following procedures that have been previously reported in detail. [51] [52] [53] 68, 69, 72, 84 
Quantification and Distribution of the Total Population of ipRGCs
In a first step, m þ RGCs were dotted manually in the retinal photomontage in a blinded masked fashion. Next, the images were analyzed by using a specific subroutine previously developed by our group. 68, 70 Finally, the obtained data (numbers of mþRGCs and coordinates of each m þ RGC in relation to the optic disc) were exported to a spreadsheet (Office Excel 2000; Microsoft Corp., Redmond, WA, USA) for further analysis.
Because of the low density of m þ RGCs, the k-nearest neighbor algorithm was chosen to study their distribution. For this purpose, we used a Java (Oracle Corporation, Redwood Shores, CA, USA) application previously developed by our group. 68 Briefly, we chose a radius of study (0.22 mm); imported the spreadsheet obtained with the counting routine; and counted the mþRGCs closer than the fixed radius, for each cell. Finally, every m þ RGC was plotted in the outlined retina and colored by using a color scale representing the number of neighbors, using SigmaPlot (SigmaPlot 9.0 for Windows; Systat Software, Inc., Richmond, CA, USA). Normalized data from three retinas at each period analyzed were used to study ipRGC distribution: the data obtained after the spatial analysis allowed the extraction of the number of ipRGCs at a given distance from the optic disc in each retinal quadrant. All plots were performed with SigmaPlot as previously described. 68, 70, 73 
Coexpression of Brn3a and Melanopsin
In 20 standard areas of each retina (five areas per quadrant at five equidistant distances between the optic disc and the retinal periphery), photomicrographs were taken by using different fluorescence filters. In the photomicrographs, the number of RGCs that were melanopsin þ , Brn3a þ , or both, were manually identified and counted, and the colocalization of both markers was analyzed, with 100% representing the total number of mþRGCs counted.
RGC Isodensity Maps
Brn3a þ RGCs isodensity maps were constructed for each retina to study the spatial distribution of these cells, by using the specific subroutine developed in IPP macro language by our group. 33, [51] [52] [53] 69, 70, 84 These densities were represented as filled contour plots with SigmaPlot.
Statistics
Statistical analysis was done by using SigmaStat 3.1 for Windows (SigmaStat for Windows TM version 3.11; Systat Software, Inc.) or SPSS (SPSS 18.0 software; IBM, Armonk, NY, USA). For retinal populations, the ANOVA test was used when comparing more than two groups and the Mann-Whitney or the t-test when comparing two groups only. For morphologic analysis, a MANOVA (Multivariate Analysis of Variance) was used to evaluate differences between SD and P23H rats. When a level of significance 0.05 was found, post hoc pairwise comparisons using Bonferroni's test were performed. Differences were considered significant when P < 0.05.
RESULTS

Total Population of Brn3a
þ RGCs in the Aging P23H-1 Rat
At P30, the total number of Brn3a þ RGCs was significantly lower in the P23H-1 strain than in SD rats (P < 0.001; MannWhitney test; Table 1 ) and represented 93.7% of the total numbers found in SD rats (Fig. 1A) , in accordance with previously published data. 51 In SD rats, age did not affect the total number of Brn3a þ RGCs, as their population was similar from P30 to P540 (Table 1 ) and similar to that found in previous studies in control animals. 51, 81 In the P23H-1 rats, however, the population of Brn3a þ RGCs decreased with time and this decrease was significantly different between each survival interval ( Fig. 1A; Table 1 ). These findings are in accordance with our previously published data in which we have documented that up to P365 there is a loss of 14% of Brn3a þ RGCs in the P23H-1 strain, 51 and here we showed that there was further loss of 16.4% between 12 and 18 months of age (Fig. 1A) . Also, as observed in Figure 2 , the loss of Brn3a þ RGCs in the P23H-1 rat was diffuse and affected the whole retina.
Melanopsin-Positive RGCs in the Aging P23H-1 Rat
In SD rats, the mean total number of m þ RGCs per retina was 2095 6 83 and 2098 6 132 at P30 and P540, respectively (mean 6 SD; Table 1 ). These numbers were similar to those found in previous studies in SD and PVG (Piebald-Viral-Glaxo) control animals, 68, 70 indicating that in normal, nontransgenic rats, the population of m þ RGCs does not decrease with age. These numbers were also not significantly different from the numbers of m þ RGCs found in 1-month-old P23H-1 rats (2125 6 263; Table 1 ipRGCs Changes in P23H-1 Rats IOVS j July 2015 j Vol. 56 j No. 8 j 4595
Brn3a þ RGCs, the population of m þ RGCs in 1-month-old P23H-1 rats was not smaller than the population found in SD rats. In the transgenic rats, however, there was a significant decrease in the population of m þ RGCs between P30 and P365 ( Fig. 1B ; Table 1 ). At P540 the total population of m þ RGCs was also slightly smaller than at P365, but this decrease did not reach statistical significance ( Fig. 1B; Table 1 ).
The m þ RGCs were not homogenously distributed in the retina; they were more abundant in the periphery and their highest density was found in the superotemporal retina (Figs 2, 3A-C). This distribution varied between the left and right retina, the animals, and the ages studied. The topography was similar in SD and P23H-1 retinas, which indicated that m þ RGC loss in the dystrophic animals occurred all across the retina. However, a quantitative analysis of the different retinal quadrants with time and in both strains showed that the decrease of m þ RGCs in the P23H-1 rat retinas was significantly higher only in the superotemporal retina (P < 0.001; ANOVA; Fig. 3 ). RGCs found in P540 P23H-1 rat retinas to the number of the same cells found in control P540 SD rats, the differences found between the SD and the P23H-1 strain were similar for both types of cells (28.7% and 27.2%, respectively; Fig 1; Table 1 ). Therefore, m þ RGC loss and Brn3a þ RGC loss may occur in similar proportions in P23H-1 rats.
Comparison of Brn3a
Brn3a Expression by m þ
RGCs
The number of m þ RGCs that coexpressed Brn3a varied between animals and ages studied ( Fig. 4; Table 2 ). In the control animals, there were similar numbers of coexpressing cells in all the quadrants, but in the P23H-1 rats there was a tendency for the coexpressing RGCs to be localized in the superior quadrants (data not shown).
In control SD rats we found that most of the m þ RGCs were Brn3a negative ( Fig. 4G; Table 2 ), since colocalization analyses showed that at P30 and P540 only 0.27% and 0.28%, respectively, of the m þ RGCs were also Brn3a þ . These data are in concordance with previous studies from our laboratory that show similar results in this and other rat strains. [68] [69] [70] In P23H-1 rats, however, the number and percentage of m þ RGCs that were also Brn3a þ were significantly higher, already at P30 (3.31%; Figs. 4A-C, 4G; Table 2 ). And, although at P365 and P540 the net number of Brn3a-expressing m þ RGCs was not significantly higher than at P30, there was a significant increase in the percentage of m þ RGCs that expressed Brn3a (3.86% at P365 and 10.65% at P540; Table 2 ). Thus, Brn3a expression by m þ RGCs increased with age in the P23H-1 retina and, after photoreceptor degeneration, 51,65 a higher proportion of surviving m þ RGCs were also Brn3a þ .
Degeneration of m þ
RGCs Dendritic Structure in P23H À1 Rats
The dendritic morphology and stratification pattern of the m þ RGCs were analyzed in P23H-1 rats at P365 and P540 and compared with SD and P23H-3 rats of the same ages (Fig. 5 ). There were no differences in any of the analyzed parameters between the different m þ RGC subtypes (M1, M1d, M2, M3), so the results from the three subtypes were averaged (Fig. 5) .
In P23H-1 rats, the m þ RGCs showed a decrease of arborization parameters with age. At P365, the m þ RGCs showed a significant decrease of the dendritic area, number of branch points, number of terminal neurite tips per cell, and Sholl area when compared to the m þ RGCs in P365 SD rats (P < 0.001, for dendritic area and Sholl area; and P < 0.05, for branch points and terminal neurite tips). At P540, the m þ RGCs of P23H-1 rats showed significantly smaller branching patterns than those obtained in P540 SD rats (P < 0.001, for all parameters).
To study whether the severity of the degeneration of the outer retina influences the secondary degeneration of the m þ RGCs, the arborization patterns of m þ RGCs were also analyzed in P23H-3 rats, which experience a slower degeneration of the outer retina.
75 Surprisingly, no significant differences were found for any of the dendritic parameters analyzed between P23H-1 and P23H-3 rats 62 ( Fig. 5) . This indicates that the m þ RGCs of P23H-1 rats experience degenerative changes in their arborization patterns similar to those previously observed in P23H-3 rats 62 ( Fig. 5) , and this suggests that degeneration of the dendritic arborization of m þ RGCs is independent of the severity of photoreceptor degeneration. In conclusion, we did not find significant dendritic changes with age in SD rats but we found a significant decrease of all the dendritic parameters analyzed between P30 and P365 and some additional changes between P365 and P540 in both dystrophic strains (Figs. 5G-J) . This indicates that in the P23H strain, there was dendritic degeneration of the m þ RGCs that worsened with age.
DISCUSSION
The ipRGCs serve many light-mediated functions, such as the regulation of the circadian rhythms. The sleep-wake cycle is mediated by these cells 13 and may be affected by diseases that course with optic nerve or retinal degeneration. 85 In fact, it has been shown that most RP patients experience sleep disturbances [59] [60] [61] and also show signs of RGC degeneration. [41] [42] [43] [44] [45] [46] Other neurodegenerative diseases, such as Parkinson and Alzheimer's disease, are also associated with sleep disturbances, [86] [87] [88] [89] [90] and recently it has been shown that they course also with RGC degeneration. [91] [92] [93] [94] [95] Interestingly, it has been proposed that ipRGCs survive better under different pathologic and experimental conditions 19, 32, 33 and may have different requirements for survival after injury 19, 32, 33 ; thus, it is important to study what happens to these neurons in these disease states. The data in this work indicated that ipRGCs degenerate in a higher or similar proportion to the other RGCs after photoreceptor degeneration and show changes of their morphologic and molecular phenotype, perhaps in an attempt to resist the inherited retinal degeneration.
Effect of Photoreceptor Degeneration on ipRGC Population
In humans and animals, several studies 41, [43] [44] [45] [46] [47] [48] [50] [51] [52] [53] [54] 96, 97 have shown that photoreceptor degeneration leads, with time, to alterations of all the retinal layers independently of the etiology of the degeneration. Our studies have documented that both inherited and induced photoreceptor loss results in secondary RGC degeneration [50] [51] [52] [53] ; and we have proposed that it is due wholly or partly to axonal injury by the displaced retinal vessels in the course of retinal degeneration. 48, [50] [51] [52] [53] However, it was not known whether the ipRGCs were also affected in our retinal degenerative models.
In this work, we studied m þ RGCs in SD control and P23H-1 and P23H-3 rats that experience the same type of inherited photoreceptor degeneration, a form of rhodopsin mutation RGCs that we reported in this work in control SD animals and in young P23H-1 animals are similar to those reported in previous studies. 6, 68, 70 But we also document here for the first time in P23H-1 rats a significant decrease of the m þ RGCs between P30 and P365. A recent study performed on P23H-3 rats, which experience a slower retinal degeneration than P23H-1 rats (for review see Pennesi et al. 75 ), has shown that the m þ RGCs in these animals are first reduced significantly at P540. 62 It is possible that because the P23H-3 rats experience a slower retinal degeneration, their RGCs, including the m þ RGCs, may also degenerate more slowly. However, in the previous study, loss of 67% of the m þ RGCs is found between P30 and P540, 62 whereas in our study we The total number of m þ RGCs counted in 20 standard areas of each retina at every age analyzed is shown in the third column. The fourth column shows the number of these cells that were also Brn3a þ . The last column shows the percentage of melanopsin and Brn3a coexpression, considering as 100% the total number of m þ RGCs counted at each age. In parenthesis are shown the number of retinas analyzed and the mean number of cells 6 SD counted in each retina. * P 0.05 when compared to earlier ages in the same strain (Mann-Whitney test). † P 0.001 when compared to control P30 SD rats (Mann-Whitney test).
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found a loss of only 27.2% during the same time period. This discrepancy may be due to differences in the methods used.
Other authors have also found significant loss of m þ RGCs in other animal models of retinal degeneration, namely, the RCS rat 63 and the rd/rd cl mouse, 12 a mouse lacking both rods and cones. Thus, it is clear from this and other studies that the number of m þ RGCs decreases with age in the retinas of rodents with inherited photoreceptor degeneration.
Because we have used immunodetection with antibodies against melanopsin to detect the ipRGCs, it is possible that the observed loss of m þ RGCs represents only a decreased expression of this protein by these cells. Two previous studies have shown that melanopsin mRNA decreases in ipRGCs after N-methyl-N-nitrosourea-induced 98 or after naturally occurring photoreceptor degeneration. 99 However, both melanopsin and Brn3a have been shown to be expressed by RGCs for long periods of time after injury. 21, 71, 100 Moreover, in this study we found that the percentage of m þ RGCs loss was similar to the percentage of Brn3a þ RGC loss, and we have shown in previous studies that there is RGC loss with age in the P23H-1 rat, and thus we think that the loss of m þ RGCs that we documented in this study is real.
It is known that density, wholeness, and dendritic arborization of ipRGCs decrease in advanced stages of degenerative disease in P23H-3 rats, 62 but whether this was true in the P23H-1 rat line was not known. In this work, we showed that despite the faster degeneration of the outer nuclear layer in the P23H-1 than the P23H-3 line, 78 
Melanopsin-Positive RGCs Change Their Brn3a Coexpression During Photoreceptor Degeneration
In this work we also documented, for the first time in P23H-1 rats, a change with age in the expression of Brn3a by m þ RGCs. We observed a higher coexpression of Brn3a and melanopsin in young P23H-1 animals (3.30%, as opposed to 0.27% in SD) and also an increase in these proportions as photoreceptor degeneration progresses (up to 10.65% at P540). Approximately 600 cells (28.2% of the m , and P365 and P540 P23H-3 rats (E, F). Bar graphs showing the morphometric dendritic parameters of the m þ RGCs in P365 and P540 SD, P23H-3, and P23H-1 retinas (G-J): mean dendritic area (G), number of branch points (H), number of terminal neurite tips per cell (I), and Sholl area (J). *P < 0.05, **P < 0.01, ***P < 0.001; ANOVA. Scale bars: 50 lm (A-F). m þ RGCs that express Brn3a are more resistant to photoreceptor degeneration than those that do not express it. It is tempting to speculate that such an increased survival may be related to the antiapoptotic properties associated with Brn3a 103-108 and thus, this change would make them more resistant to photoreceptor degeneration and/or axonal injury. 51 It has been recently proposed that ipRGCs may play a role in image formation 13 and in mice, m þ RGCs coexpresing Brn3b are thought to be responsible for such a function. 109, 110 It is tempting to speculate that such a change in Brn3a expression in the P23H rats may reflect an increase in vision through m þ RGCs to compensate for the loss of photoreceptors, because (1) in mice, ectopic expression of melanopsin in RGCs enhances the visual function after photoreceptor degeneration 111 ; (2) in the adult rat, approximately 90% of m þ RGCs project their axons to the SCi, 68 the main imageforming visual retinorecipient nuclei in rodents; and (3) in rat, Brn3a is the dominating member of the Brn3 family, 69, 70 while in mice, Brn3b is the Brn3 member needed for RGC differentiation and survival. 112 Thus, it is possible that in rat the m þ RGCs in charge of image-forming visual functions are those expressing Brn3a instead of Brn3b as proposed for mice. 109, 110 In summary, this study demonstrated in a rat model of RP that after a complete loss of photoreceptors, both m þ RGCs and Brn3a þ RGCs are affected in similar proportions. Thus, in the presently studied inherited retinal degeneration, m þ RGCs did not appear to be more resistant than the rest of the RGC population. We also showed a decrease of the dendritic morphologic parameters and increased coexpression of melanopsin and Brn3a in the surviving m þ RGCs, phenotypic and molecular changes that indicate an adaptive response to resist injury and/or change of function of these cells as photoreceptors die. Further studies are needed to clarify the role of m þ RGCs in inherited retinal degeneration and other neurodegenerative disorders.
